The use of recycled demolition aggregate in precast concrete products – Phase III: Concrete pavement flags by Soutsos, Marios et al.
The use of recycled demolition aggregate in precast concrete
products – Phase III: Concrete pavement flags
Soutsos, M., Tang, K., & Millard, S. (2012). The use of recycled demolition aggregate in precast concrete
products – Phase III: Concrete pavement flags. DOI: 10.1016/j.conbuildmat.2012.06.045
Published in:
Construction and Building Materials
Document Version:
Publisher's PDF, also known as Version of record
Queen's University Belfast - Research Portal:
Link to publication record in Queen's University Belfast Research Portal
General rights
Copyright for the publications made accessible via the Queen's University Belfast Research Portal is retained by the author(s) and / or other
copyright owners and it is a condition of accessing these publications that users recognise and abide by the legal requirements associated
with these rights.
Take down policy
The Research Portal is Queen's institutional repository that provides access to Queen's research output. Every effort has been made to
ensure that content in the Research Portal does not infringe any person's rights, or applicable UK laws. If you discover content in the
Research Portal that you believe breaches copyright or violates any law, please contact openaccess@qub.ac.uk.
Download date:09. Sep. 2018
Construction and Building Materials 36 (2012) 674–680Contents lists available at SciVerse ScienceDirect
Construction and Building Materials
journal homepage: www.elsevier .com/locate /conbui ldmatThe use of recycled demolition aggregate in precast concrete products – Phase
III: Concrete pavement ﬂags
Marios N. Soutsos a,⇑, Kangkang Tang b, Stephen G. Millard b
a School Planning, Architecture and Civil Engineering, Queen’s University Belfast, David Keir Building, Belfast BT9 5AG, Northern Ireland, United Kingdom
bDepartment of Civil Engineering, Xi’an Jiaotong-Liverpool University, Suzhou, Jiangsu 215123, China
h i g h l i g h t s
" Development of a ’’mini-press’’ technique for casting concrete ﬂags in the lab.
" Investigation of partial replacement of newly quarried with recycled demolition aggregate.
" Flexural strength was the mechanical property investigated for concrete ﬂags.
" Replacement levels were determined that had only very smal effect on the mechanical properties.a r t i c l e i n f o
Article history:
Received 6 July 2011
Received in revised form 11 May 2012
Accepted 4 June 2012
Available online 15 July 2012
Keywords:
Recycling of materials
Sustainability
Construction and demolition waste
Recycled demolition aggregate
Concrete ﬂags
Aggregates
Environment
Landﬁll0950-0618/$ - see front matter  2012 Elsevier Ltd. A
http://dx.doi.org/10.1016/j.conbuildmat.2012.06.045
⇑ Corresponding author. Tel.: +44 (0)28 9097 4023;
E-mail address: m.soutsos@qub.ac.uk (M.N. Soutsoa b s t r a c t
A study undertaken at the University of Liverpool has investigated the potential for using construction
and demolition waste (C&DW) derived aggregate in the manufacture of a range of precast concrete prod-
ucts, i.e. building and paving blocks and pavement ﬂags. Phase III, which is reported here, investigated
concrete pavement ﬂags. This was subsequent to studies on building and paving blocks. Recycled demo-
lition aggregate can be used to replace newly quarried limestone aggregate, usually used in coarse
(6 mm) and ﬁne (4 mm-to-dust) gradings. The ﬁrst objective was, as was the case with concrete building
and paving blocks, to replicate the process used by industry in fabricating concrete pavement ﬂags in the
laboratory. The ‘‘wet’’ casting technique used by industry for making concrete ﬂags requires a very work-
able mix so that the concrete ﬂows into the mould before it is compressed. Compression squeezes out
water from the top as well as the bottom of the mould. This industrial casting procedure was successfully
replicated in the laboratory by using an appropriately modiﬁed cube crushing machine and a special
mould typical of what is used by industry. The mould could be ﬁlled outside of the cube crushing machine
and then rolled onto a steel frame and into the machine for it to be compressed. The texture and mechan-
ical properties of the laboratory concrete ﬂags were found to be similar to the factory ones. The
experimental work involved two main series of tests, i.e. concrete ﬂags made with concrete- and
masonry-derived aggregate. Investigation of ﬂexural strength was required for concrete paving ﬂags. This
is different from building blocks and paving blocks which required compressive and tensile splitting
strength respectively. Upper levels of replacement with recycled demolition aggregate were determined
that produced similar ﬂexural strength to paving ﬂags made with newly quarried aggregates, without
requiring an increase in the cement content. With up to 60% of the coarse or 40% of the ﬁne fractions
replaced with concrete-derived aggregates, the target mean ﬂexural strength of 5.0 N/mm2 was still
achieved at the age of 28 days. There was similar detrimental effect by incorporating the ﬁne
masonry-derived aggregate. A replacement level of 70% for coarse was found to be satisfactory and also
conservative. However, the ﬁne fraction replacement could only be up to 30% and even reduced to 15%
when used for mixes where 60% of the coarse fraction was also masonry-derived aggregate.
 2012 Elsevier Ltd. All rights reserved.1. Introduction
Successful outcome of Phase I and II which investigated the use
of recycled demolition aggregate in the manufacture of concretell rights reserved.
fax: +44 (0)28 9097 4278.
s).building [1] and paving blocks [2] relied on replicating the indus-
trial processes for casting them in the laboratory. The same ap-
proach was adopted for Phase III which required the industrial
process for casting concrete pavement ﬂags to be replicated in
the laboratory. Recycled demolition aggregate can be used to re-
place newly quarried limestone aggregate, usually used in coarse
Table 1
Industrial mix proportions for concrete pavement blocks and ﬂags (kg/m3).
Concrete paving blocks Concrete pavement ﬂags
Factory no. 01 Factory no. 02
Target density (kg/m3) 2250–350 2400 2400
Cement (kg/m3) CEM-1:42.5 CEM-1:42.5 CEM-1:42.5
380 320 450
Fine aggregate (kg/m3) M grade sand 1520 M grade sand 1022 M grade sand 773
Coarse aggregate (kg/m3) 6 mm single sized limestone 380 6 mm single sized Limestone 770 10 mm single sized Limestone 773
Admixture Superplasticiser 0.6% of cement content N/A Concrete water reducer 0.25% of cement content
Table 2
Performance requirements for concrete pavement ﬂags [6].
Property Recommended values
Dimension tolerance (Class 3)
–Length –±2
–Width –±2
–Thickness –±2
Strength performance
–Minimum characteristic bending strength –3.5 N/mm2 (Class 1)
–4.0 N/mm2 (Class 2)
–5.0 N/mm2 (Class 3)
Weathering resistance
–Maximum water absorption (%) by mass –6% for Class 2
–Maximum mass loss after freeze/thaw test –1.0 kg/m2 for Class 3
Abrasion resistance
–Maximum groove –26 mm for Class 2
–23 mm for Class 3
–20 mm for Class 4
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limestone aggregate with recycled demolition aggregate could
only be investigated extensively once the industrial procedure
had been replicated in the laboratory.
Pavement ﬂags were selected as a promising precast concrete
product where large quantities of recycled demolition aggregate
could be used but also because:
 Possible contamination from C&DW directly affecting reinforce-
ment is not an issue as pavement ﬂags are unreinforced.
 Unlike construction projects, paving ﬂags fabrication is essen-
tially a manufacturing process where supply of input materials
and storage of output are more easily managed.
 There may be local circumstances that would make the use of
secondary and recycled materials for high-grade use cost effec-
tive. Merseyside and more speciﬁcally Liverpool has been
selected as a realistic illustrative example of a major UK conur-
bation undergoing regeneration [3].
 Resource supply or feed material can be guaranteed in an urban
area like Liverpool where replacement of infrastructure is
occurring, natural aggregate resources are limited, disposal
costs are high, and environmental regulations encourage
recycling.
Precast concrete paving ﬂags have been used for nearly a cen-
tury and the ﬁrst national speciﬁcation was published in 1929
[4]. As the ‘chunky boys’ [5] in the segmental pavement family,
concrete paving ﬂags are normally bigger than concrete paving
blocks, with a standard size ranging from 300  300 mm to
600  900 mm [6]. They offer an attractive surface and are suitable
for paving areas such as footways, driveways and gardens. The
approximate price for one square metre of concrete ﬂags is about
10–20% less than that of concrete paving blocks [5]. In spite of all
these advantages, there is a noticeable decline in the sale of ﬂags
in the UK. Lilley [4] attributed this to the change in demand. Con-
crete ﬂags were used for carriageways and car parks but ﬂag fail-
ures meant that their use is nowadays restricted to pedestrian
areas. Laboratory tests indicated that thicker ﬂags would be re-
quired to carry frequent load from commercial vehicles but this
would have increased handling difﬁculties. Reducing the plan size
of ﬂags may reduce the bending moment imposed on the ﬂag and
therefore reduce the risk of cracking from loading by vehicles.
The industry uses two casting methods, i.e. ‘‘wet’’ and ‘‘dry’’.
The ‘‘dry’’ method is not much dissimilar to that used for concrete
paving blocks [7]. The ‘‘wet’’ method is the one most favoured and
this requires a very workable/self levelling mix which can be
poured into a mould and then compressed. Water is squeezed
and removed from both the top and bottom surfaces through per-
forated steel plates. Gravity forces are sufﬁcient for the extraction
of water from the bottom but vacuum suction is required from the
top surface. The casting process is very efﬁcient in that concrete
ﬂags can be removed from the mould, using vacuum suction,
immediately after pressing and stacked on wooden pallets. The
mix proportions are different from those of concrete paving blocksin that the percentage of coarse aggregate is higher, i.e. 40% of the
total aggregate for ﬂags compared to only 20% for paving blocks,
see Table 1. The higher proportion of coarse fraction is beneﬁcial
for the ‘‘wet’’ casting process. The water can be more easily
squeezed out [7]. A good surface ﬁnish is still achieved as the ce-
ment paste and ﬁne aggregate is transported by the water to the
surface and retained there by the ﬁlter paper.
Performance requirements for concrete paving ﬂags are given in
BS EN 1339: Concrete Paving Flags – Requirements and Test Meth-
ods [6] which classiﬁes paving ﬂags in three classes, see Table 2,
according to the following mechanical properties:
 Minimum ﬂexural strength.
 Minimum weathering resistance (water absorption or freezing/
thawing resistance).
 Minimum abrasion resistance.
 Minimum slip/skid resistance.
2. Aims and objectives
The ﬁrst aim was the development of the ‘‘mini-press’’ tech-
nique needed to replicate the industrial casting procedure in the
lab. Once this was achieved satisfactorily, i.e. paving ﬂags cast in
the lab with the same materials and mix proportions as used by
the industry had the same mechanical properties, then the partial
replacement of newly quarried aggregates with recycled demoli-
tion aggregate was investigated. The effect of concrete and ma-
sonry derived aggregates on the mechanical properties was
investigated separately. Flexural strength, rather than tensile split-
ting strength as used for paving blocks, was investigated for con-
crete ﬂags. The Industrial Collaborators required that there
should be no increase in the cement content if recycled demolition
aggregate was to compete with quarried aggregates. The aim
therefore was to determine replacement levels that only caused
676 M.N. Soutsos et al. / Construction and Building Materials 36 (2012) 674–680small and insigniﬁcant changes to the mechanical properties of the
end products.Fig. 2. The machine designed to cast concrete pavement ﬂags in the laboratory. (1)
Control panel of the Denison cube crushing machine, (2) denison cube crushing
machine, (3) hand pump for the hydraulic jack, (4) steel frame fabricated in the
workshop, (5) a steel counterweight, (6) a steel rectangular carrier mounted on the
hydraulic jack, (7) the sidewalls of the steel mould (the bottom carrier is rested on
these sidewalls), (8) a steel platen to demould concrete with a vacuum machine
(number 9) mounted, (9) vacuum machine, (10) plastic barrel (collecting squeezed
water), (11) vacuum machine (same as number 9), (12) high pressure hose
connected to the vacuum machines, (13) a perforated steel plate, with the vacuum
suction (number 11) mounted.3. Materials and experimental methods
3.1. Materials
Speciﬁc gravity, water absorption, ﬁneness, and angularity are all important
physical properties that need to be taken into consideration if recycled demolition
aggregate are to be used in precast concrete products. The aggregate gradings for
limestone quarried aggregates, supplied by a block making factory, as well as recy-
cled concrete aggregate (RCA) and recycled masonry aggregate (RMA) supplied by
local demolition companies are shown in Fig. 1. The concrete construction and
demolition waste (C&DW) that was crushed to produce aggregate came from the
foundations of a multi-storey reinforced concrete building while the masonry
C&DW came from the demolition of low-rise council houses. It was expected that
the detrimental effect of RMA on compressive strength, because of its lower density,
would be higher than that of RCA. It was therefore considered prudent to investi-
gate the effects of RCA and RMA separately.
The grading of 6 mm recycled aggregate, both RCA and RMA, were found to be
very similar to the quarried limestone, as Fig. 1 shows. However, the 4 mm-to-dust
RMA was found to be ﬁner than natural medium grading sand while the opposite
was found to be true for the RCA.
Both RCA and RMA had very high water absorption values, see Table 3, which
are similar to the behaviour of man-made lightweight aggregate. A mixing proce-
dure adopted for making concrete using lightweight aggregate was trialled and
found to be successful when using recycled demolition aggregate, i.e. pre-mixing
of half the mix water with the aggregate ﬁrst and then adding the cement and
the remaining water.
3.2. Laboratory casting procedure for concrete ﬂags
The ‘‘wet’’ casting technique used by industry for making concrete ﬂags requires
a very workable mix so that the concrete ﬂows into the mould before it is com-
pressed. Compression squeezes out water from the top as well as the bottom of
the mould as was described earlier. This industrial casting procedure was success-
fully replicated in the laboratory by using an appropriately modiﬁed cube crushing
machine, see Fig. 2, and a special mould typical of what is used by industry. The
mould could be ﬁlled outside of the cube crushing machine and then rolled onto
a steel frame and into the machine for it to be compressed. The concrete was com-
pressed at 12 N/mm2 for 15 s. A similar compressive stress (10–12 N/mm2) is usedFig. 1. Grading of natural sand, quarried limestone and C&DW derived aggregates.
Table 3
Water absorption and densities of aggregates.
Fine aggregate (graded medium-ﬁne sand
Sand Concrete
Particle density (SSD)a (kg/m3) 2440 2250
Particle density (oven-dry) (kg/m3) 2410 1820
Water absorption (% by mass) 1.5 13.56
a Saturated and surface dry condition.by precast concrete factories but the duration of the ﬂag being pressed is only 12 s.
The use of a compression machine for this enabled the maximum load to be applied
but this could only be applied at a slower rate than in industry. The additional 3 s
were to account for the time it took for the compression machine to reach 12 N/
mm2. Vacuum suction of the water at the top of the mould was achieved through
the use of a compressed air supply and appropriate ancillary devices similar to
those used in the precast concrete industry. The mould was then rolled out of the
compression machine and a jack was used to push the bottom steel plate of the
mould, together with the concrete ﬂag, upwards and out of the mould. The concrete
ﬂag was lifted off the steel plate using again vacuum suction. Concrete paving ﬂags
were then air-cured for 24-h before placed in water at a temperature of 20 ± 5 C
until they were tested.
Mix proportions used by two concrete pavement ﬂag making factories are
shown in Table 1. It was planned that a full scale factory trial would be carried
out at Factory no. 01. Hence, mix proportions used at this factory were also used
in the preliminary trials of this project. However, the ﬁne aggregate percentage of
57% of the total aggregate was not resulting in a good surface ﬁnish. This was in-
creased to 60% to get the same ﬁnish as that of concrete ﬂags produced by the
industry.
Increased duration of the compressive force, and its effect on ﬂexural strength,
was also investigated. The prolonged pressing time was found not to have a big ef-
fect on the ﬂexural strength of newly quarried aggregate ﬂags. However, it did have
an effect on recycled demolition aggregate ﬂags and this is believed to be due to the
higher water content of the mixes used for these. It was decided that 15 s was suf-
ﬁcient to replicate the industrial procedure. The 28-day ﬂexural strength of industry
supplied concrete pavement ﬂags was 6.9 N/mm2 and this was achieved in the lab-
oratory with ones that had a density of 2,400 kg/m3.
3.3. Flexural testing of concrete ﬂags
The British European standard BS EN 1339 [6], Concrete paving ﬂags – require-
ments and test methods, has superseded the British Standard, BS 7263-1, in the
requirements and test methods of concrete paving ﬂags. The physical performance) Coarse aggregate (5 mm single size aggregate)
Masonry Limestone Concrete Masonry
2420 2690 2380 2260
2010 2670 2270 2110
13.42 0.65 7.24 8.83
Fig. 3. Concrete ﬂag placed in testing rig. (1) Concrete paving ﬂag, (2) supporting
rollers, (3) upper roller.
Fig. 4. Effect of coarse or ﬁne aggregate replacement (%) with RCA on the ﬂexural
strength – (all mixes had 320 kg/m3 of cement). (a) Coarse (Inc. 20% Fine) fraction.
(b) Fine (Inc. 60% coarse) fraction.
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ﬂags into different classes, allowing a cost-effective solution to customers based
on the area where they are to be used. The actual mean ﬂexural strength of industry
supplied concrete pavement ﬂags was found to be 6.9 N/mm2. The requirement for
Class 3, as shown in Table 2, is a characteristic ﬂexural strength of at least 5.0 N/
mm2 at 28 days. The mean ﬂexural strength of 6.9 N/mm2 allows a margin for con-
verting characteristic to target mean strength. These concrete ﬂags were 50 mm
thick and they are usually used for ‘‘pedestrian areas only with very occasional
vehicles’’ [6]. Such application only requires a Class 2 concrete ﬂag. Applications
such as footways, crossings, car parks and lightly trafﬁcked roads require a mini-
mum thickness of 60 mm [6].
Flexural strength is the mechanical property required for concrete ﬂags, unlike
paving blocks where it was tensile splitting strength [2]. Flexural strength is a more
appropriate property for estimating the load bearing capacity of concrete paving
ﬂags where the principal action is bending [8]. Concrete paving ﬂags are placed
on two bearing supports (radius of 20 ± 1 mm) and the load is applied at the centre
steadily until failure occurs, see Fig. 3. The failure load must be reached within
45 ± 15 s [6]. All the results shown on Figs. 4–6 are the mean values obtained from
three specimens.
3.4. Durability characteristics of concrete ﬂags
In addition to ﬂexural strength, with which concrete pavement ﬂags need to
comply, there are some other requirements: (a) slip resistance, (b) abrasion resis-
tance, and (c) water absorption.
Concrete ﬂags need to show a satisfactory slip/skid resistance during the design
life of a pavement. The measure of unpolished slip resistance value (USRV) is re-
quired by BS EN 1339 [6] The pendulum friction test rig incorporates a spring
loaded slider made of a standard rubber attached to the end of the pendulum. On
swinging the pendulum the frictional force between the slider and test surface is
measured by the reduction in length of the swing using a calibrated scale. A USRV
value of at least 63 is considered to be ‘acceptable for good skid resistance’ [6]. Time
constraints meant that this test was not conducted in the laboratory but it is going
to be used for specimens cast during factory trials in the near future.
The weathering resistance of concrete paving ﬂags is believed to be related to
the water absorption. BS EN 1339 [6] requires concrete ﬂags to have less than 6%
water absorption. The weathering resistance can also be determined by the
freeze–thaw resistance test according to BS EN 1339 [6]. This requires soaking of
concrete ﬂags in a 3% NaCl solution for 28 freeze/thaw cycles from 20 to 20 C.
Concrete ﬂags are classiﬁed based on their mass loss. This test was not conducted
in this project because such a low temperature cyclic freezer was also not readily
available in the laboratory. It is anticipated that this as well as slip/skid and abra-
sion resistance tests will be carried out on factory cast specimens by the factory’s
quality control laboratory.
4. Results and discussion
It was believed that the ﬁnes fraction, i.e. 4 mm-to-dust, is the
one that would have the biggest detrimental effect on the strength.
Studies therefore aimed to replace either the coarse or the ﬁne
fraction only but not both in order to quantify the relative effects
of each.4.1. The effect of recycled demolition aggregate on mechanical
properties
4.1.1. Series I – RCA
After successfully replicating the industrial ﬂag-making proce-
dure in the laboratory, the replacement of quarried limestone with
RCA was investigated. The detrimental effect of independently
replacing either coarse or ﬁne fractions by RCA was not examined
in this project. This was due to the fact there was insufﬁcient RCA
left after Phase II of this project, i.e. the manufacture of concrete
paving blocks with recycled demolition aggregate [7]. The grading
of the new delivery was different from the ﬁrst source, i.e. the new
‘Coarse’ RCA contained quite a considerable amount of the ﬁne
fraction. As a result of this the coarse aggregate replacement re-
sulted in partially replacing the ﬁne fraction as well. It was
decided, for consistency, that the ﬁne fraction replacement would
be kept at 20% for all the mixes by using the small quantity of
remaining ﬁne RCA to maintain this replacement level. The ﬁne
fraction replacement on the other hand was investigated in combi-
nation with 60% of the coarse fraction having been replaced with
Fig. 5. Effect of coarse or ﬁne aggregate replacement with RMA on the ﬂexural
strength – (all mixes had 320 kg/m3 of cement). (a) Coarse aggregate replacement.
(b) Fine aggregate replacement.
Fig. 6. Effect of ﬁne fraction (Inc. 60% coarse aggregate replacement) replacement
with RCA on the ﬂexural strength.
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the ﬂexural strength of concrete ﬂags. It is not clear how much of
the detrimental effect is due to the increasing replacement of the
coarse fraction alone as all of the mixes had 20% replacement of
the ﬁne fraction as well. The ﬂexural strength reduction seems to
be similar to that reported by Dhir et al. [9], i.e. a 19% concrete
compressive strength reduction when 100% coarse RCA was used.
This is believed to have had a considerable effect which can be seen
by comparison with Fig. 4b. The ﬁne RCA has considerable detri-
mental effect on the ﬂexural strength. Nonetheless, even with up
to 60% of the coarse or 40% of the ﬁne fractions replaced with
RCA aggregate, the mean ﬂexural strengths were well above the re-
quired 5.0 N/mm2 characteristic ﬂexural strength at the age of
28 days for Class 2 concrete ﬂags. These are the most commonly
used type of concrete ﬂag, i.e. for pedestrian areas with only occa-
sional vehicles. Recommended values were based on a target mean
ﬂexural strength of 5.0 N/mm2 to allow a reasonable margin from
the required characteristic ﬂexural strength of 4.0 N/mm2 given in
Table 2.
4.1.2. Series II – RMA
The replacement of newly quarried limestone aggregate with
RMA has been investigated separately from RCA. The lower density
of ﬁne RMA (4 mm-to-dust) was expected to be problematic. Poon
and Chan [10] reported a 10% reduction in density of paving blocks
when 75% crushed clay was used. The results from the mixes with
coarse fraction replaced with RMA have been plotted as ﬂexural
strength versus replacement level, see Fig. 5a. There is some detri-
mental effect which increases with increasing levels of RMA.
Approximately 30% reduction is expected with 100% coarse RCA.
This is comparable to that reported by Dhir et al. [9], i.e. 35% com-
pressive strength reduction in concretes with 100% coarse RMA. It
can be concluded that reasonable replacement level would only be
up to 70% for the coarse fraction in order to allow a sufﬁcient mar-
gin above the required ﬂexural characteristic strength. The effect of
ﬁne RMA on ﬂexural strength is shown in Fig. 5b. The ﬁne fraction,
i.e. 4 mm-to-dust, was expected to have an even greater detrimen-
tal effect than RCA ﬁnes and it was found to be so as can be seen
from Fig. 5b. It can be recommended that a reasonable replacement
level should be 30% for the ﬁne fraction with RMA. This recommen-
dation was believed to be conservative as the industrial casting
procedure will be more efﬁcient than the laboratory technique
for compacting specimens, as it was shown in Phase I for concrete
building blocks [2].
In order to maximise the recycling, an investigation of the com-
bined effect, i.e. replacement of both coarse (set conservatively at
60%) and varying ﬁne fraction with RMA, was conducted in the lab-
oratory. Fig. 6 shows that the effect of increasing percentage
replacement of ﬁne fraction has a considerable detrimental effect
on the 60% coarse RMA mix as the 3-day and 28-day ﬂexural
strengths drop signiﬁcantly. Therefore a replacement level of 60
for the coarse and 15% for the ﬁne fraction are suggested to be
the maximum replacement levels with RMA.
4.2. Water absorption of concrete pavement ﬂags
In addition to ﬂexural strength, which pavement ﬂags need to
comply with, there is a requirement for the concrete weathering
resistance which can be measured by conducting a water absorp-
tion test [6]. 28-day old specimens were cured in a water tank until
they reached constant mass. The time required for this was usually
not longer than 3 days. They were then oven dried to constant
mass. The loss in mass was expressed as a percentage of the mass
of the dry specimen.
The high water absorption of recycled aggregate appears to
inﬂuence adversely the concrete water absorption (see Figs. 7
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been reported by Poon and Chan [10]. BS EN 1339 [6] requires
pavement ﬂags to have less than 6% water absorption and this
can only be achieved with the replacement levels indicated in
Table 4. Industry cast limestone aggregate specimens had, on aver-Fig. 7. Effect of replacing ﬁne fraction (Inc. 60% coarse aggregate replacement) and
coarse fraction (Inc. 20% ﬁne aggregate replacement) with RCA aggregates on (a) the
concrete water absorption, and (b) the oven-dried density of concrete paving ﬂags.
(a) Water absorption (%). (b) Oven-dried density (kg/m3).
Fig. 8. Effect of replacing coarse or ﬁne fraction with RMA aggregates on the (a)
water absorption, and (b) the oven-dry density. (a) Water absorption (%) and (b)
Oven-dried density (kg/m3).
Table 4
Replacement levels (%) for required ﬂexural strengths and water absorptions.
Aggregate type Flexural
strength >5
(N/mm2) (%)
Water
absorption <6%
RCA aggregate Coarse aggregatea 60 N/A
Fine aggregate 40 0%
RMA aggregate Coarse aggregate 70 40%
Fine aggregate 30 30%
a All mixes with coarse RCA also contained 20% ﬁne RCA.age, a water absorption of 5%. The critical or deciding factor for the
level of replacement of newly quarried limestone aggregates with
recycled demolition aggregate may have to be the water absorp-
tion rather than the strength. For example, the recommended
70% replacement level for the coarse fraction with RMA based on
the ﬂexural strength, may have to be reduced to 40% to comply
with the maximum water absorption requirement. The replace-
ment of ﬁne fraction with RMA should also be limited to 30%
replacement based on the water absorption values. The water
absorption values appear to be related to the reduction of the den-
sity of concretes made with RMA. Densities less than 2,100 kg/m3
resulted in water absorptions of more than 6%. All combinations
of 60% coarse RMA with ﬁne RMA resulted in water absorptions
higher than 6%. All the RCA mixes had high water absorptions,
see Fig. 7, and this was because even the coarse RCA mixes had
20% ﬁne RCA replacement. Tests are planned for factory cast spec-
imens to conﬁrm these ﬁndings. It is also believed that, because of
the high water absorption of the recycled demolition aggregate,
the water absorption by the blocks may not be indicative of their
durability. This will be conﬁrmed with freeze–thaw tests to be car-
ried out on factory cast specimens.
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The ‘‘wet’’ casting technique used by industry for making con-
crete ﬂags requires a very workable mix so that the concrete ﬂows
into the mould before it is compressed. The industrial casting pro-
cedure squeezes out water from the top as well as the bottom of
the mould and this was successfully replicated in the laboratory
by using an appropriately modiﬁed cube crushing machine and a
special mould typical of what is used by industry. The mould could
be ﬁlled outside of the cube crushing machine and then rolled onto
a steel frame and into the machine for it to be compressed. The
concrete was compressed at 12 N/mm2 for 15 s. A similar compres-
sive stress (10–12 N/mm2) is used by precast concrete factories but
the duration of the ﬂag being pressed is only 12 s. The industrial
casting procedure was successfully replicated in the laboratory,
i.e. paving ﬂags cast in the lab with the same materials and mix
proportions as used by the industry had the same mechanical
properties. The partial replacement of newly quarried aggregates
with recycled demolition aggregate was then investigated.
Only the combination effect, i.e. replacement of both coarse and
ﬁne fraction with RCA, was investigated in the laboratory. With up
to 60% of the coarse or 40% of the ﬁne fractions replaced with RCA,
the target mean ﬂexural strength of 5.0 N/mm2 was still achieved
at the age of 28 days.
The replacement of newly quarried aggregate with RMA has
been more extensively investigated. Acceptable replacement levels
with coarse RMA were found to be up to 70%, giving the required
ﬂexural strength. There was signiﬁcant detrimental effect on ﬂex-
ural strength by incorporating the ﬁne RMA and therefore lower
replacement levels, i.e. up to 30%, can be recommended. This
needed to be reduced even further when both coarse and ﬁne frac-
tions of RMA were used, i.e. a replacement level of 60% for the
coarse and 15% for the ﬁne fraction are suggested to be maximum
replacement levels of the RMA, giving the required ﬂexural
strength.
The higher water absorption of recycled demolition aggregate
resulted in high water absorption values for the concrete pavement
ﬂags. As for paving ﬂags, this may not however be a good indicator
for durability; the freeze–thaw resistance of concrete ﬂags needstherefore to be investigated in order to determine whether this will
be the determining factor on the replacement level with recycled
demolition aggregate.
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